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Evidence for Anomalous Hydration Dynamics near a Model Hydrophobic Peptidé

Daniela Russd)® Rajesh K. Murarka, 8 Greg Hura," Elizabeth Verschell!
John R. D. Copley! and Teresa Head-Gordon*/

Department of Bioengineering and Graduate Group in Biophysicsyéisity of California,
Berkeley, California 94720, and National Institute of Standards and Technology,
Gaithersburg, Maryland 20899-8562

Receied: July 15, 2004; In Final Form: October 4, 2004

We present new quasi-elastic neutron scattering experiments and simulation analysis for studying the hydration
water dynamics oN-acetyl-leucine-methylamide (NALMA) solutions as a function of concentration and
temperature. The experiments show non-Arrhenius translational dynamics over the temperature téhge of

to +37 °C for all concentrations, and fits to the experimental intermediate scattering function show
nonexponential relaxation dynamics. While the lower-concentration NALMA solution could be classified as
an intermediate to strong liquid, the higher concentration is legitimately defined as a fragile liquid, and the
hydration dynamics of the most concentrated solution exhibits very good correspondence with the same
signatures of non-Arrhenius behavior and nonexponential dynamics as that observed for supercooled water
well below —20 °C. The corresponding molecular dynamics simulation analysis of the high concentration
data using the SPC water model, a common companion water model used in protein simulations, is severely
limited in application to the dynamics of this system because of the very low temperature of maximum density
of the SPC water model. However, the simulations are informative in the sense that nonexponential relaxation
is still evident at the effectively higher temperatures, which indicates that the underlying potential energy
surface is very rough at high concentrations, although the sampling is still sufficiently ergodic so that Arrhenius
behavior is observed. We provide discussion in regards to the mutually beneficial connection between
supercooled liquids and glasses and its biological importance for protgiter systems.

Introduction M studied, water stabilizes monodispersed and small clusters
of amino acids, as opposed to more complete segregation of
the hydrophobic monomers into a sequestered core. These results
are consistent with a requirement of overcoming a desolvation
barrier to reach the native state. In fact this is a mechanism
that has been observed in a number of MD protein folding
simulations, including the refolding of a beta-hairpin fragment

The observation that water dynamics near protein surfaces
shows nonexponential thermal relaxation procésisas led to
active exploration in two intimately related areas: whether
protein—water systems bear sufficient analogy and, therefore,
are informative about the nature of glass forriérand what
Lheet\;gglr(])gtlhcea Itvlvrgpx;té?\;]; g{ﬁ (IIWS# (:eipal‘orrzlt?gr? r;sfhtlﬁ ee;:zt:d of proteigl gand all-atom folding simulations of protein G and
has focused on understanding the hydration environment Ofsrc-SH3. )
proteins through the study of individual blocked amino acids  Recently we have turned to the study of the hydration
as a function of their concentration in wafef. This invokes ~ dynamics of the NALMA-water system as a function of
the zeroth-order concept that polymers can be modeled byconcentratiort. We reported quasi-elastic neutron scattering
increasing the effective local concentration of monomers, giving (QENS) experiments and accompanying interpretation and
rise to a situation resembling a much denser liquid of monomers @nalysis using MD, to probe the evolution of water dynamics
in the local vicinity of the chain as it collapses, which defines at room temperature from dilute to very high concentration
a model experimental system that can address the role of watesolutions of NALMA in water, for both the completely
in the folding of protein&or hydration dynamics and protein  deuterated and completely hydrogenated leucine monbiftes.
function4 NALMA —water system and the QENS data together provide a

In previous work we focused on the structural organization Unique study for characterizing the dynamics of different
of dilute to very high concentration solutions of a prototypical hydration layers near a prototypical hydrophobic side chain and
hydrophobic amino acidy-acetyl-leucine-methylamide (NAL-  the backbone to which it is attached. The 2.0 M data are

molecular dynamics (MD) simulatiofisThose combined studies ~ Studies that the solutions organize so that only one water layer
found that, throughout the full concentration range of-®@® separates NALMA solutes; that is, it unambiguously measures
the dynamics of a single hydration layer directly. It is important
* Corresponding author: e-mail thead-gordon@Ibl.gov. to note that~50-60% of a folded protein’s surface is
T Part of the special issue “Frank H. Stillinger Festschrift”. hydrophobict? which makes this choice of amino acid an
: Department of Bioengineering, University of California. important distinguishing feature of our study of proteimater
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Il Graduate Group in Biophysics, University of California. dynamics and connection to glass formers compared to previous
U National Institute of Standards and Technology. studies that studied purely hydrophilic polypeptides.
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We observed several unexpected features in the dynamics ofDCS operating at = 7.5 A with an incident energy dinc =
these biological solutions under ambient conditions. The 1.45 meV gives a wave vector range of 0.45Q < 1.57 A™!
NALMA dynamics shows evidence of de Gennes narrowing, and an energy resolution of 3&eV at full width at half-
an indication of coherent long time scale structural relaxation maximum (FWHM). AtA = 5.5 A andEj,. = 2.7 meV, the
dynamics! The translational and rotational water dynamics at wave vector range covers 0.20Q < 2.15 A~ with a FWHM
the highest solute concentrations are found to be highly of 81 ueV.
suppressed as characterized by long residential time and slow The sample containers were two concentric cylinders with
diffusion coefficients, corresponding to lightly supercooled water radii differing by 0.1 mm. The data collection lasted for about
at —10 °C.# The analysis of the more dilute concentration 8—12 h per sample, depending on the resolution, to facilitate
solutions determined that for outer layer hydration dynamics statistical analysis. All spectra were corrected for the contribu-
the translational diffusion dynamics is still suppressed, although tion made by the sample holder. Detector efficiencies, energy
the rotational relaxation time and residential time are converged resolution, and normalization are measured with standard
to bulk-water values. Finally, MD analysis of the first hydration vanadium. The resulting data were corrected and analyzed with
shell water dynamics shows spatially heterogeneous waterDAVE programs (http://www.ncnr.nist.gov/dave/). Water dy-
dynamics, as measured by residence times and orientationahamics measurements were performee-af 4, and 37°C for
correlations, with fast water motions near the hydrophobic side the 2 M solution and 4 and 37C for the 0.5 M solution. We
chain and much slower water motions near the hydrophilic analyze these new temperature points with previous QENS
backboné. measurements for both concentrations at@?

These tantalizing initial results on unusual hydration and  Experimental Analysis. The quasi-elastic neutron experiment
solute dynamics of the room temperature solutions has led usmeasures the incoherent differential cross section:
to now considering the temperature dependence of these model
biological systems to draw out more instructive information do _Ui_ncESN 1
about their connection to glassy dynamics, although we dEAQ ~ 47 k; Sne(Q @) @)
emphasize that these new results are still somewhat preliminary.

Over the (limited) temperature range of the experiments, We wheregi,. is the total incoherent cross sectidénandks are the
find that the 0.5 M solution shows a weakly non-Arrhenius \avevector of the incident and scattered neutOnijs the
behavior in its water translational dynamics with temperature, momentum transfew is the frequency, an&.«(Q, w) is the

and the corresponding 2.0 M solutions are clearly super- incoherent dynamic structure factor. The analysis of the resulting
Arrhenius, while the rotational dynamics are found to be spectra relies on a fit to the incoherent dynamic structure factor
Arrhenius within the larger experimental error bars for both \jth several Lorentzian contributions convoluted with the
concentrations over the same temperature range. Furthermorejnstrumental resolution. On the basis of those fits we were able
the experimental intermediate scattering function, when fit to a to further interpret the data using the following analytical models
stretched exponential, shows strong deviations from exponentialtraditionally applied to liquidg81°

dynamics that indicates that slow relaxation processes exhibiting  The first assumption is th&,«(Q, w) can be expressed as a

spatial heterogeneity are present. The corresponding MD convolution of three different kinds of proton motiaht®
analysis qualitatively confirms some of these signatures of

nonexponential relaxation processes in the solutions, although — o V3¥mPiran ® o 2
the SPC water modéf, commonly used in conjunction with Sno(Q @) SeQ@eOSHQ ) ()

o s e oo s g ancihre th exponentl erm i e Debye Wale aco,wih

we plan on better simulations using the recently introdu’ced represents the V|brat|o_n In the quasi-elastic reglonmﬁae_rm

TIP4P-EW modéP in future work. As is appropriate for this is the mean square dlsplace.ment.. The second and.thlrd terms
: are the translational and rotational incoherent dynamic structure

FeStSChr.'ﬂ in honor Of. Frank Stillinger, we provide ample factors, respectively. The scattering law for translation is
speculation as to the importance of these results and Whatdescribed as

questions we anticipate following up in near-future studies,

including inherent structure analysis of the underlying potential 1 [yndQ)

energy surfacé15 SQ, w) == %
T w”+ [rtrans(Q)]

®3)

Materials and Methods

wherel'yansis the half width at half-maximum of a Lorentzian

: . X function. We have found that the Lorentzian for translation is
(dy)-leucinef,o)-methylamideds) (molecular weight 202.25) — pegt fit to a random jump diffusion model, which considers the

was purchased from CDN Isotopes, Canada. The solution rogigence time, for one site in a given network before jumping
samples were obtained by dissolution of the completely deu- ;4 another sit®

terated amino acid powder in pure® at 2.0 M, and the 0.5

Experimental Procedure. The completely deuteratédtacetyl-

M low-concentration sample has been obtained by dilution of D QZ

the 2.0 M solution. To remove small aggregates from the rtJrans(Q) — _ _tamsc (4)
solution, the sample was centrifuged (10 min at 10d)@&fore 1+ Dtranstro

measurement.

The QENS experiment was carried out at the NIST Center where the mean jump diffusion lendths defined in this model
for Neutron Research, using the disk chopper time-of-flight as L = (6Dyang0)? and Dyans is the translational diffusion
spectrometer (DCSY. To better separate the translational and coefficient.
rotational components in the spectra, two sets of experiments Water rotational relaxation has been described using the
were performed using different incident neutron wavelengths diffusion model for hindered rotation on the surface of a
of 7.5 and 5.5 A to give two different energy resolutions. The sphere? The rotational incoherent dynamic structure factor is
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Sr(Q, ©) = ’(Qa) d(w) + o I e
I(I + 1)D,,, .

1
Zm+nﬁ@@— (5)
= T w®+[I(I + 1)D,od?

wherej(Q) is a spherical Bessel function of ordera is the
radius of the sphere; an®.y is the rotational diffusion
coefficient. Forl = 1, which dominates the second term of eq
5, the half width at half-maximum i€ot = 2D, Which
corresponds to a rotational characteristic timergfaton =
1/6Dror. . : : .
Theoretical Analysis. We used MD to simulate the same -1.0 05 0.0 05 1.0
experimental observables evaluated by the QENS experiments i
for aqueous NALMA solutions at 2.0 M. The assisted model .
building with energy refinement (AMBER) force field due to ]
Cornell et ak? and the SPC water modélwere used for *’»2_10 : e : T ' ™ p
modeling the NALMA solute and water, respectively. Five ' ’ Energ); meV) ' '
separate MD simulations were carried out-&t0, —5, 4, 25, )
and 37°C in the NVT ensemble using velocity Verlet integration Figure 1. Incoherent structure factor spectrum for 2.0 M NALMA

. . - - concentration in KO, at 4°C, measured at 3geV atQ ~ 1.25 A?
and velocity rescaling, with a time step of 1.0 fs. Ewald sums (open symbols). The solid line is the total fit component resulting from

were used for calculation of the long-range Coulomb forces. e convolution of the two Lorentzian functions and the flat background.
Rigid-body dynamics for the water solvent were integrated using The Lorentzian fits to the spectra (dashed lines) show good separation
RATTLE.?* For the analysis of the water dynamics in the of widths and intensities and are typical of the quality of fit for all
NALMA aqueous solutions, we performed simulations of a spectra measured in this study. The residuals show that the quality of
dispersed solute configuration consistent with our structural fit is good in the energy range of the experiment.

analysist A.t temperatures of 37, 25, a_nq €, the simulations TABLE 1: Experimental Values for Water Dynamics for 0.5

were equilibrated for 0.2 ns and statistics were gathered overy| NALMA as a Function of Temperature

1.0 ns. For the-5 °C simulation we equilibrated for 0.3 ns and

S

Residu:
S o
= o

' L
" P

collected statistics for 1.2 ns, and ferL0 °C we equilibrated temperature
for 0.4 ns and collected statistics for 1.3 ns. 4°C 25°C 37°C

We used the Einstein relation to derive the translational self-  Dyans(107° cn/s; IB?) 0.9 1.65 2.0
diffusion coefficients from the mean square displacement of 7o (ps; JB) 18 0.94 0.7
water oxygens, and the rotational dynamics using the orienta-  Prans(10°° cn/s; ISF) 0.71 1.25 1.79
tional autocorrelation function: Trotaton (PS; HR) 1.68 1.0 0.9

a Translational diffusion coefficienDyans and the residence time,
P,(t) = [.5[3 coé o(t) — 1]0 (6) 7o, of water based on the jump diffusion modeTranslational diffusion

coefficient, Dyans based on the analysis from the experimental

) intermediate scattering functiohRotational time scale for watefstation
wheref(t) measures the angle between the dipole vector of the pased on the Sears hindered rotation model.

water molecule at timesandO and the angle brackets denote
an ensemble average at a given temperature. We also evaluategdynamics, all required two Lorentzians and a flat background.
the self-intermediate scattering factor for hydrogens: The fit has been performed betweer0.9 meV, and the
background component takes into account all movements that
Fo(Q, t) = l@xp[—HQ-RH(O)] exp[-iQ-R, ()]0 (7) are too fast to be detected at the defined resolution, such as
N low energy vibrational modes. Figure 1 shows the fitted
incoherent scattering function foret2 M data at 4C atQ ~
where the angular brackets denote an ensemble average at § 55 A-1 which is typical of the quality of fit we obtained in
given temperature anBy(t) denotes the position of a given ¢ eyperimental analysis. There is a broad Lorentzian which
water hydrogen at time describes faster movements that are tentatively identified as
rotational and, thus, will be analyzed simultaneously with the
low-resolution data. The narrow Lorentzian function is indicative
Hydration Water Dynamics. The scattering profile of the  of translational motion, and on the basis of the dependence of
completely deuterated solute in,® has been measured to I'(Q) with Q?, is best described with a jump diffusion model.
characterize the hydration water dynamics at various concentra- The resulting diffusion coefficienDyans and residential time
tions and temperatures. The higher resolution experiment o obtained 82 M and 0.5 M concentrations as a function of
primarily measures the slow translational dynamics, while the temperature are shown in Tables 1 and 2. Figure 2 plots the
lower resolution experiment contains information about both temperature dependence of the translational diffusion coefficient
rotational and translational water proton motion. The experi- for pure liquid wate£® and the hydration water for the 0.5 and
ments done at two different resolutions, in principle, permit us 2.0 M NALMA solutions. It is especially evident from the plot
to separately resolve the proton motion time scales for translationthat the 2.0 M data has a diffusion coefficient-a8 °C that
and rotation and are discussed separately. We return to thelooks like that of supercooled water below20 °C.
validity of this assumption later. Figure 3 displays an Arrhenius plot of the translational
As we have already reported for the room-temperature‘data, diffusion coefficient of hydration water for both concentrations;
the fit to the data generated at high resolution f8, 4, and the 0.5 M NALMA concentration is weakly non-Arrhenius over
37 °C, which probes the slower components of hydration the temperature range of-87 °C, while the 2.0 M data is super-

Experimental Results
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TABLE 2: Experimental and Simulation (in Parentheses)
Values for Water Dynamics for 2.0 M NALMA as a
Function of Temperature

temperature

—3°C

(-5°C) 4°C  25°C  37°C
Dirans(107°cné/s; JBY)  0.22(1.2) 0.35(1.5) 0.75(2.2) 0.85(2.92)
70 (ps; IO) 7.33 : 3. 25
Dirans(107° cnr?/s; ISP)  0.19 0.28 0.67 0.75
Trotation (PS; HFE) 2.7(4.4) 25 2.2(2.4) 1.9(1.8)

a Translational diffusion coefficienDyans and the residence time,
70, Of water based on the jump diffusion modeTranslational diffusion
coefficient, Dyans based on the analysis from the experimental
intermediate scattering functiohRotational time scale for watefistation
based on the Sears hindered rotation model.
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Figure 2. Values of the translational diffusion coefficient as a function

of temperature from QENS experiments and fits based on the jump
diffusion model for pure liquid water reported in ref 23 and as measured

here for 2 and 0.5 M NALMA solutions. The water diffusion coefficient
for the NALMA solutions shows a non-negligible suppression when
compared to the bulk water results at the same temperature value.

2 T T T T
0
05
11 g£-
I 15
i D 2 30 40
Q«- 1000/(T-T,) (K)
ot
g Ofe—, *
N \
B 32 33 34 35 3.6 3.7 3.8
1000/T(K)

Figure 3. Arrhenius representation for the translational diffusion
coefficient for 2 and 0.5 M NALMA concentrations from experiment.
The inset shows the fit to the VFT equation foet@ M diffusion
coefficient data. The critical temperature for the diffusidn is
~245 K.

Arrhenius (strong curvature of the logarithmic plots versus
inverse temperaturé)?? over the same temperature range. The
additional QENS experiment at3 °C for the higher concentra-
tion confirms the super-Arrhenius character of th M water

Russo et al.
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Figure 4. Arrhenius representation for the rotational relaxation time
for 2 and 0.5 M NALMA concentration from experiment. The straight
lines are the best fit to the Arrhenius expression in the investigated
temperature range, which gives activation energy values30 and
~1.5 kcal/mol for the low and high concentrations, respectively.

dependence of the diffusion dynamid2aM is well-supported
by the small experimental error bars and would not change with
more temperature points. In regard to the 0.5 M data, the only
qguestion is whether the dynamics will change from non-
Arrhenius to super-Arrhenius over a larger temperature range.
In the inset of the same figure we replot the 2.0 M hydration
water diffusion data and its deviation from Arrhenius behavior
using the VogetFulcher-Tammann (VFT) equation

= __B
D,=A exp[ T To)] 8

whereA, B, and Ty are three parameters with some physical
meaning in regard to true glass formé#8.Similar to what has
been observed for other fragile glass formers, the fit to the VFT
equation is excellent.

The data from the low-resolution runs, probing water
rotational motion, were analyzed by including the narrow
translational Lorentzian functions based on the high-resolution
experiment as known values and using eq 5. The best fit,
performed betweers-2 meV, has been obtained by including
two additional free Lorentzian functionk=€ 1, 2 of eq 5) and
a flat background. The resultin@oion @s a function of
temperature and concentration is given in Tables 1 and 2. When
plotted in an Arrhenius representation, the 0.5 and the 2 M
rotational data show a normal Arrhenius temperature dependence
(Figure 4). Given the limited temperature range of the experi-
mental data, a greater temperature range to confirm the
Arrhenius behavior is clearly required.

For bulk water and water in NALMA solutions, the fast
component of the rotational dynamics corresponds to librational
motion that can be related to the average hydrogen bond
lifetime 2528 while the residential time of the jump diffusion
model is a direct measure of the time duration that is necessary
for a water molecule to break from its hydrogen-bonded
neighbors by rotational excitatid®28 At high temperature, when
most water molecules have weakened hydrogen bonds, the
residential time is largely equivalent to the time scale of
librational motion of the hydrogen-bond dynamics. At lower

translational diffusion data, suggesting that the molecular temperatures (or higher NALMA concentrations) the time scales
mechanism of the hydration dynamics changes abruptly betweenfor local librational motion are shorter than the measured

25 and 4°C for the high NALMA concentration solution, with
activation barriers 0f3.0 and~10.0 kcal/mol above and below

residence time scales because waters are caged by local
neighbors, requiring a cooperative motion to execute diffusion.

the transition temperature, respectively. The super-Arrhenius This caging effect is crudely captured by the jump diffusion
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(b) 1.0 T T T T T T Figure 6. Plot of tDyandd” versusQ as a function of temperature for
O 269K hydration dynamics fo2 M NALMA from the QENS experiment and
A 277K | stretched exponential fits to the intermediate scattering function. We
0.9 ® 300K note that strictlyy = 2 so thatrDyandd? = 1 for Q — 0 are descriptions
% 310K of normal diffusion. Given the finite range @ data (smalles@Q ~
0.4 A% from experiment, as well as experimental error, this is only
N approximated withy ~ 2.5 at the smalles values measured. Given
0.8 - i % % T f i 7 that caveat, we measure positive deviations from 1 at Rigralues
| o 4 ; ? i % % % ] for all the temperatures investigated and a corresponding decrease of
@ o y to ~1.8.
0.7 4 4
ation time 7, which is believed to be related to spatial
heterogeneity in the dynamié2%30In fact, the origin of the
0.6 - nonexponential form is the reflection of anomalous diffusion
which is controlled by a local structural relaxation or “cage
effect” as described in mode coupling theory applied to
05 — supercooled liquidg®—32 The dependence of dersusQ? is
04 06 08 1.0 12 14 16 then proportional to the water diffusion coefficient in the limit
Q™ of Q — 0 and numerically evaluated from the slope @r<

Figure 5. (a) Self-intermediate scattering function from experiment. 1.0 A~%. As shown in Tables 1 and 2, we find good agreement
For the 2 M solution aQ = 1.25 A1 as a function of temperature  between the diffusion coefficient inferred from the stretched
(symbols), along with the stretched exponential fit (line). (b) The  exponential analysis and that from the jump diffusion model.

dependence of the stretched exponential paranfefesm the fit to Figure 5b reports th€ dependence of the fitted-value

the experimental intermediate scattering function in (a) as a function . h litati
of temperature. We show the error bar in regard to the fit for the room- &XPonents as a function of temperature for 2.0 M. The qualitative

temperature data only, and similar error bars were found for the other behavior of the temperature dependence of the expghémt
temperatures as well. relatively flat (as also seen in refs 33 and 34) but deviates
significantly from 1, reaching values as low as 0.75 for the
model through its average residence time scale paramgter |owest temperature studied. This further confirms the underlying
that represents deviations from normal Brownian diffusion.  anomalous diffusion behavior that signals the fragility of the
To consider a complementary analysis of the NALMA water liquid in high concentration NALMA solutions.
system, we analyze the experimental intermediate scattering | Figure 6 we plotrDyandd” versusQ as a function of
function for hydrogenskF(Q, 1), at 2.0 M. The intermediate  temperature, whereis the relaxation time as defined in eq 9,
scattering function has been generated using the fast Fourierp s the diffusion coefficient as extrapolated from érsus
transform option in the DAVE package; to avoid contribution 32 ‘andy is a fitting parameter given the uncertainty in the

of the fast dynamics component (previously characterized aseyperimental data. We note that strictly = 2 so that
librational/rotational movement) we subtracted out the first TDyandd? = 1 for Q — 0 are descriptions of normal diffusion.

5 ps of data and renormalizéd,(Q, t) at the new time origin Given the finite range o data (smalles@ ~ 0.4 A-1) from

to unity. The Fourier transformegQ, w) for all four temper- experiment, this is only approximated with ~ 2.5 at the
atures aQ ~ 1.25 A" using the higher resolution QENS data smallestQ values measured. Given the caveat of fiftelata,
is shown in Figure 5a. we measure deviations from 1 at high values for all the
We then fit the long-time decay din(Q, 1) to a stretched e mperatures investigated. We further observe tHatlows a
exponential form power law inQ, 1/ 0 Q”, where the exponent decreases
gradually to~1.8 forQ > 1.0 A1, similar to what has been
Fu(Q. 1) = exp[~(t/7)"] 9) observed earlier from MD simulations in supercooled waier.

The strong curvature as shown in Figure 6 suggests the presence
where deviations fronff = 1 is a signature of a pronounced of an anomalous diffusion process over small length scales,
slow down in dynamical processes with a characteristic relax- which in supercooled water has been attributed to the structural
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Figure 7. (a) Semilogarithmic plot of the connected intermediate
scattering function, for # 2 M solution, Fcon(Q, t) versust for
hydrogen atoms as a function @Qf For nine integer multiples @ =
0.253 AL, the correlation function grows wit®. (b) Semilogarithmic
plot of the connected intermediate scattering function, for the 2 M
solution, Fcon(Q, t) versust for hydrogen atoms as a function of
temperature, fo = 1.77 AL,

relaxation of the cage of surrounding molecules that represent
a stable potential energy minimum surrounded by high bafers.

Theoretical Results

Hydration Water Dynamics. We have performed MD
simulations for the NALMA solutions over the same limited
temperature range of the experiment for the 2.0 M solution, to
confirm that the trends in dynamic signatures exhibited by
experiment are matched by the theoretical results. We have
performed additional simulations at10 °C to better character-
ize the dynamical signatures of this glassy system.

The simulated-4(Q, t) can be used to estimate errors in the
assumption of a decoupling of translational and rotational
motions. In Figure 7a,b we plot the connected intermediate
scattering functionFcon(Q, t)

FCON(Q! t) = FH(Q! t) - FCM(Q! t) FROT(Q! t)

as a function of) and temperature, respectively. It is clear that
overall the decoupling approximation gives acceptable error,
except forQ vectors corresponding to near the maximum in
the scattering intensity where errors reach as high-a8%,
only slightly smaller than reported in ref 35 on pure supercooled
water.

In Table 2 we report the simulated translational diffusion
constant and the rotational time scalg [obtained from the
stretched exponential fit tB,(t)] and present their temperature

dependence in Figure 8a,b. The SPC model shows spectacula;

failure in exhibiting the requisite non-Arrhenius behavior of the
translational water motion, and by association the rotational

Figure 8. (a) Arrhenius plot of the translational diffusion coefficient
from MD simulation for tke 2 M solution. The solid line is a linear fit

to the simulation data, which is in conflict with experiment. (b)
Arrhenius plot of the rotation relaxation time obtained from the stretched
exponential fit toP,(t) for the 2 M solution. The solid line is again a
linear fit to the simulation data.

(a)

T =268K

Fy(Q.0)

OT=310K
OT=298K
O T=277K
A T=268K
qT=263K

Figure 9. Self-intermediate scattering function, calculated from MD
simulation. (a) For te 2 M solution aff = 268 K as a function 0@
symbols), along with the stretched exponential fit (line). (b) For the 2

solution atQ = 1.77 A-* as a function of temperature (symbols),
along with the stretched exponential fit (line).

motion must be suspect as well. This is not surprising given is much higher than that probed in the QENS experiments.
the fact that the temperature of maximum (TMD) density for While it is commonly assumed that protein force fields are best
SPC water is-31°C, so that the effective simulated temperature used with the simple water models, like SPC, against which
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(a)! T T Discussion and Conclusion

ool ® T-268K | In this paper we have presented new QENS experiments and

. simulation analysis for studying the hydration water dynamics

@ 08 | ®eeveo, J in hydrophobic amino acid monomer solutions as a function of
concentration and temperature. We have found from experiment

07 | 1 a non-Arrhenius water translational dynamics over the temper-

ature range of-3 to 37°C and related slow relaxation processes
06 : 5 s that are clearly nonexponential. The experimental incoherent

Q( A-n) structure factor data and its Fourier transform, the intermediate
scattering function, were analyzed with a jump diffusion model
(b) ! : : : : and stretched exponential fits, respectively, and provided a
satisfying self-consistency of the derived translational diffusion
coefficients using the different data analysis procedures. While
the lower concentration solution could be classified as an
a ® intermediate to strong liquid, the 2.0 M concentration is
08'g 0 @ 1 legitimately defined as a fragile liquid. In fact the hydration
dynamics of these solutions over the limited temperature range
07 . . . . studied exhibit very good correspondence with the same
260 270 280 290 300 310 signatures of glassy behavior, non-Arrhenius behavior, and
T (X) nonexponential kinetics as that observed for supercooled water
Figure 10. Stretched exponential paramefe(a) as a function o below —20°C .25
and (b) as a function of temperature. The corresponding MD simulation analysis of the 2.0 M data
using the SPC water model, a common companion water model
used in protein simulations, is severely limited in application
5| ] to the dynamics of this system because the effective simulation
) temperature is much higher than that of the experiment because
B the TMD of the SPC model is31 °C. However, the simulations
B 0298K are informative in the sense that nonexponential relaxation is
& B z;ggg still evident at the effectively higher temperatures, which
1t 8 8B B 563K | indicates that the underlying potential energy surface is very
rough at high concentration, although the sampling is still
sufficiently ergodic so that Arrhenius behavior is observed. In
regards to better quantitative agreement with experiment, more
careful simulations using the SPC model that are performed at
1 B 3 the correct density at 1 atm pressure would be desired, although
QA) we suspect that the non-Arrhenius dynamics seen by experiment
Figure 11. Plot of simulatedrDyanQ? versusQ as a function of would still not be reproduced after correction for the density.
temperature. The behavior i§ similar to that .observed experimentally  |nstead, we believe that a better water model that performs
in Figure 6 and as reported in other simulations of bulk supercooled \ya|| on neat water properties over a range of temperatures and
water. pressures is a better choice over poor water models that are
they are parametrized, it is clear that their continued application more explicitly parametrized with existing protein force fields.
in protein water simulations is counterproductive, especially for We have recently contributed to the testing of a re-parametriza-

Q~177
09 | 1

DQ’

the study of dynamics. tion of the standard TIP4P water model for use with Ewald
Figure 9a,b plots the simulatée(Q, t) as a function ofQ techniques® The new model provides an overall global
(at 268 K) and temperature (fo@ = 1.77 AL, near the improvement in water properties relative to several popular

maximum of the G-O static structure factor), respectively. nonpolarizable and polarizable water potentials, with a density
Evidence of slow relaxation is evident in the simulated maximum at approximately 4C, which reproduces experimen-
Fu(Q, t), when we fit it to a stretched exponential form using tal bulk densities and the enthalpy of vaporizatidiyap, from

eq 9. The same pronounced slow down in relaxation processes;~37.5 to 127°C at 1 atm with an absolute average error of

characterized by the exponep, shows both a cleaQ less than 192 Structural properties are in very good agreement
dependence (Figure 10a) and temperature dependence (Figureith X-ray scattering experiments at temperatures between 0
10b). and 77°C® and dynamical properties such as the self-diffusion

In Figure 11 we plotrDyandd? versusQ as a function of coefficient are in excellent agreement with experiment. In near-
temperature, whereis the relaxation time as defined in eq 9. future work we will use the new TIP4P-EW water model in
We observe thatDyn? = 1 at lowQ values, while significant conjunction with the standard AMBER94 protein force field to
deviations from 1 are present at high values for all the pursue better quantitative agreement with QENS experiments
temperatures investigated. The observed deviation is in agree-on these protein solutions. Should that comparison come out
ment with the experimental translational diffusion data results favorably, we will also perform inherent structure anafsfs39-4!
which show a deviation from the hydrodynamics regime at high with these improved force fields to relate the glassy dynamics
Q values. Simulation also gives a power law behavioQin we observe experimentally to features of the underlying
1/r O Q, where the exponent is 2 for systems executing  potential-energy landscape.
normal diffusiord®-36:37 but which decreases gradually to 1.5 What have we learned about biological function in regards
for Q > 1.0 A1, similar to that observed experimentally in  to finding analogy in the dynamics with supercooled liquids
Figure 6. and glasses? The measured dynamics allow us to propose two
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hypotheses concerning protein function. The first stems from  We might, therefore, speculate that the NALMA solutes
the observation that until a critical hydration level is reached provide a template or description of different structural domains
proteins do not function, and it is believed that this has to do with different dynamics that might exist in the bulk supercooled
with the dynamics of protein surface wafér# although the liquid. In particular, the NALMA solutes set up a spatially
molecular mechanism is unknown. Below the critical hydration heterogeneous environment for its interactions with water, one
level, as measured by 2.0 M water dynamics, we find that the area that permits long-lived hydrogen bonding with the peptide
water translational and rotational dynamics are very slow. Some backbone that nucleates and stabilizes one type of water-
hydration waters are tightly bound to the surface, especially nearhydrogen-bonded network, while a different, and dynamically
hydrophilic regions, and their slow dynamics suggest a large less long-lived water-hydrogen-bonded water network arises
barrier to rearrangement with other waters. At sufficiently high because of no direct hydrogen-bonding interactions with the
levels of hydration, as measured by the 0.5 M dynamics, we nydrophobic side chain. While the water-hydrogen-bonded
find that the inner sphere water translational and rotational N€tworks in these domains are dynamically and structurally
dynamics are still slow (equivalent to 2.0 M) but that the barrier distinct, they are nonetheless incommensurate with each other

to exchange with outer sphere waters is apparently lower, with SO that their close proximity (based on the high concentration
diffusion time scales between inner and outer sphere regionsand structural organization of these solutions) would introduce

approaching more bulk-like values. Therefore, we might view 3” an_omaly n _the waterdQ|ffus(]|lon at thef mterfa(t:)e Off these
the catalyzing effect of “sufficient’ water on side chain 9°Mains, requiring a coor inated motion of a number of water

rearrangement on the protein surface (that is necessary formolecules to negotiate a mutually agreeable water network

protein folding or function) as arising from a second hydration interface between them. More work needs to be completed to

layer that lowers the barriers for water solvent rearrangement, confirm the use_fulness of such a hypothe5|s but provides the
. . e - type of speculative structural connections between water order-
that is, restoration of the plasticity of the water network itself. . ; . )
i ) ing near hydrophobic groups and dynamical processes occurring
The second hypothesis concerns transport properties of smalk,“ihe supercooled water state that were initially inspired by
molecules and metabolites into protein active sites. As a result stillinger in ref 17.

of the high density of molecules within the cell, there can on
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